A therosclerotic cardiovascular disease (CVD) is the universal leading cause of mortality and a major cause of morbidity. Additionally, the global epidemic of diabetes is associated with considerable cardiovascular mortality risk due to accelerated premature atherosclerosis.
Introduction
This paper presents the application of wet SEM technology for the characterisation of atherosclerotic plaques. The animal model used was the apoE-/-mouse model of atherosclerosis, which has been studied extensively in recent years. In the characterisation of atherosclerotic lesions in the apoE-/-mouse model using light microscopy, aortic lesions of mice fed a chow diet were smaller than those of mice that were fed a Western-type diet, the largest lesions being found in the proximal aorta. 1 Disruption of the elastic fibres in the aorta and the early formation of a fibrous cap were demonstrated by elastin and collagen staining. 1 Demonstration of intracellular and extracellular lipids in atherosclerotic lesions in apoE-/-mice is usually performed by staining with Sudan IV or oil red O. 2 Using that staining method, the development of atherosclerotic lesions in the aortic sinus of three-to-four-month-old apoE-/-mice was shown. At seven months, multilayered foam cell deposits were found and, occasionally, cholesterol clefts and smooth muscle cells were evident in the intima. By eight to 10 months, the lesions were more complex and some had a fibrous cap. At 32 to 64 weeks, acellular areas within the plaque were common.
Assessment of these advanced plaques with transmission electron microscopy (TEM) revealed intact, but attenuated, endothelium overlying the cellular deposits; lipids containing smooth muscle cells (SMCs); partially absent basement membranes; macrophages filled with small cytoplasmic lipid droplets; and an extracellular matrix containing elastic tissues, myelin figures, necrotic debris and cholesterol clefts.
Scanning electron microscopy (SEM) revealed disruption of the endothelial layer and platelet-fibrin thrombus in ninemonth-old mice. These characteristics show that apoE-/lesions have features very similar to human atherosclerotic ORIGINAL ARTICLE
Characterisation of atherosclerotic lesions with scanning electron microscopy (SEM) of wet tissue
YEHUDA KAMARI, HOFIT COHEN, AVIV SHAISH, RAFAEL BITZUR, ARNON AFEK, SHLOMZION SHEN, ANYA VAINSHTEIN, DROR HARATS lesions. In an additional study, high-resolution, freeze-etch electron microscopy was used to demonstrate lipid retention in the intima. This technique showed that by three weeks of age, lipids were retained in the matrix as individual particles and in aggregates of particles, aligned along the collagen fibrils. The average diameter of these particles was 33-48 nm and 33-68 nm for individual particles and aggregates, respectively. 3 The methods used in the above studies suffer from several drawbacks. Light microscopy is limited by diffraction of about 0.2 microns; TEM requires extensive processing of the analysed biological tissue, which may alter its structure; and SEM allows only the restrictive investigation of surface topo-graphy (imaging of the intracellular structure requires special techniques). 3 In contrast to these methods, the wet SEM technique allows the imaging of wet biological samples at atmospheric pressure. 4 The sample is isolated from the vacuum within the microscope. Consequently, there is no loss of water or change in material composition during the preparation and imaging of the sample. Therefore, we selected the wet SEM technique as the preferred method to characterise atherosclerotic lesion in apoE -/-mice.
Methods

Mice and diet
ApoE-/-mice (C57BL/6 background; Jackson Laboratories, Bar Harbor, MA), were bred in the local animal house (Sheba Medical Center, Tel Hashomer, Israel). All procedures using animals were in accordance with the Sheba Medical Center guidelines. Ten-month-old female apoE-/-mice were divided randomly into two groups of five animals each. One group was fed a regular chow diet, containing 4.5% fat by weight (0.02% cholesterol) (TD19519; Koffolk). The second group was fed an atherogenic, Western-type diet containing 15.75% fat (43% saturated fat and 1.25% cholesterol) (TD88137; Harlan). The mice were fed daily ad libitum. The experiment lasted four weeks.
Sample preparation
Animals were killed with an overdose of ketamine. The aorta was then dissected free rapidly from the ascending arch to the iliac bifurcation and washed in ice-cold phosphatebuffered saline (PBS) containing 1 mmol/L EDTA. After adventitial tissue removal, transverse sections (approximately 1 mm wide) of aortic arch were prepared and fixed with 4% formaldehyde. Tissue pieces were embedded into 5% agarose type I (Sigma) and sliced with a VF100 microtome (Precisionary Instruments) to a thickness of 200 µm.
Quantification of atherosclerotic lesions
Cholesterol staining Sections were stained with 1% osmium tetroxide for one hour, followed by mild staining with 0.05% uranyl acetate for five minutes.
Immunogold labelling for macrophages, smooth muscle cells (SMC) and collagen Sections were incubated for 30 minutes with 5% normal goat serum (NGS) in BSA/PBS buffer. We performed immunogold labelling for macrophage content by using monoclonal anti-macrophages (MOMA-2 clone, 1:100 dilution, Serotec) as the primary antibody, followed by a secondary gold-conjugated goat anti-rat antibody (dilution 1:400, Aurion). For smooth muscle cells, monoclonal mouse anti-human smooth muscle α-actin (clone 1A4, dilution 1:1000, Sigma Chemical Co.) was used as the primary antibody, followed by a secondary gold-conjugated goat antimouse antibody (dilution 1:200, Aurion). For collagen identification, polyclonal rabbit anti-mouse collagen, Type I/III (dilution 1:30, Calbiochem), was used as the primary antibody, followed by a secondary gold-conjugated goat antirabbit antibody (dilution 1:200, Aurion). Gold beads were enhanced with the silver enhancement kit (Aurion) for 60 minutes to approximately 40 nm in size. 
Imaging
For wet SEM imaging, each sample was placed in a QX-302 capsule (QuantomiX Ltd. Rehovot, Israel), with the surface to be imaged in contact with the capsule's partition membrane. The capsules were sealed and then placed on the specimen stage of the SEM (Philips XL-30).
Results
Atherosclerotic lesions in apoE-/-mice fed a regular chow diet or a Western-type diet were compared by wet SEM technology. Sections were stained with osmium tetroxide to demonstrate intracellular and extracellular lipid accumulation.
All the apoE-/-mice that were fed a Western-type diet developed advanced atherosclerotic lesions, as shown in figure 1 (a-c). Aggregates of foam cells containing numerous lipid droplets appeared in the intima of these lesions. The most advanced lesions were characterised by formation of acellular cores (figure 1a, b) . A fibrous cap was observed in the intimal area, adjacent to the endothelial layer ( figure 1c ).
In mice that were fed regular chow, atherosclerotic lesions with foam cell deposits were also present ( figure 1  d-f ). However, in contrast to lesions in the mice fed a Western-type diet, foam cells appeared also immediately beneath the endothelium (figure 1e, f). Furthermore, in most lesions, a fibrous cap did not form. In some cases, only a thin fibrous cap layer developed, and the lipid core was absent.
The 
Discussion
In the current study, we present a unique imaging technique to visualise fully hydrated tissue samples from atherosclerotic lesions of apoE-/-mice. This wet SEM technique provides high-resolution images following simple and rapid processing of tissue samples. Furthermore, this study reveals that an atherosclerotic lesion, due to its high lipid content, can be seen clearly by wet SEM, in a manner not previously feasible without extensive effort.
We characterised the atherosclerotic lesions observed in chow-fed and Western-diet-fed apoE-/-mice. Similar to studies using light microscopy, 1 wet SEM was able to demonstrate the difference in size and characteristics of early and advanced atherosclerotic lesions. We showed, as has been shown previously, 1,2 that formation of a developed fibrous cap is the hallmark of advanced lesions; early lesions are characterised by a thin fibrous cap. The exceptional finding of foam cells immediately beneath the endothelium in early lesions, using wet SEM, has not been described as yet by conventional methods.
The use of electron microscopy to characterise athero-ORIGINAL ARTICLE sclerotic lesions has been described before. 2, 3 The wet SEM technique provides, similarly, a detailed description of the morphology and histology of the atherosclerotic lesion with a high resolution. The addition of staining with osmium tetroxide was used to show lipid-rich atherosclerotic lesions, and specific immunogold labelling was used to identify foam cells, smooth muscle cells and collagen. Therefore, wet SEM technology combines several advantages of light microscopy and electron microscopy. High-resolution images can be obtained from fully hydrated specimens several millimeters thick, in a stable environment, without thin sectioning, thereby enabling rapid sample analysis and imaging of the atherosclerotic lesion close to its original, native state. This is achieved through the total separation of the sample from vacuum and the detection of backscattered electrons that provide information from the top 2-3 microns of the sample. 4 The technique allows the scanning of a large area in the atherosclerotic plaque and, then, by using a larger magnification, can provide a more detailed view of the selected area. In addition, this technique enables accurate quantification of both extra-and intra-cellular lipid accumulations in atherosclerotic lesions. Furthermore, immunolabelling of the plaque with gold beads enables detection, with high resolution, of a single molecule or protein. Immunogold labelling of foam cells, smooth muscle cells and collagen demonstrates how this method can provide a detailed description of the atherosclerotic lesion and characterise the phenotype of the lesion. 7 The clinical correlation between diabetes mellitus and atherosclerosis is well described. Several attempts have been made to demonstrate the exact diabetes-related mechanisms of progression of vascular lesions. 8 A crucial step in understanding the process of diabetes-accelerated atherosclerosis is to demonstrate the plaque components, including the inflammatory cells and the lipid deposition within the blood vessels.
In summary, the novel technique described here provides a rapid, accurate and detailed assessment of atherosclerotic lesions that could be applied to advance atherosclerosis research and to elucidate further the process of diabetes-associated atherosclerosis.
